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Available online xxxxThe aim of the present study was to establish the origin and chemical phenotyping of neurons involved in skin
innervation of the porcine hind leg. The dorsal root ganglia (DRGs) of the lumbar (L4–L6) and sacral (S1–S3) spinal
nerves were visualized using the ﬂuorescent tracer Fast Blue (FB). The morphometric analysis of FB-positive
(FB+)neurons showed that in the L4, L5, S1 and S2 DRGs, the small-sized perikarya constituted the major popu-
lation, whereas in the L6 and S3 DRGs themedium-sized cells made up the major population. In all these ganglia,
large-sized FB+ perikarya constituted only a small percentage of all FB+ neurons. Immunohistochemistry re-
vealed that small- andmedium-sized FB+ perikarya contained sensory markers such as: substance P (SP), calci-
tonin gene related peptide (CGRP) and galanin (GAL); as well as various other factors such as somatostatin
(SOM), calbindin-D28k (CB), pituitary adenylate cyclase-activating polypeptide (PACAP) and neuronal nitric
oxide synthase (nNOS). Meanwhile large-sized FB+ perikarya usually expressed SP, CGRP or PACAP. In
the lumbar DRGs, some large cells also contained SOM and CB. Double-labeling immunohistochemistry
showed that SP-positive neurons co-expressed CGRP, GAL or PACAP; while PACAP-positive cells co-
expressed GAL or nNOS. Neurons stained for SOM were also immunoreactive for CB or GAL, while neurons
stained for nNOS were also immunoreactive for GAL. In conclusion, the present data has indicated that the
distribution and chemical phenotyping of the porcine skin-projecting neurons are different within DRGs of
the lumbar (forming a femoral nerve) and sacral (forming a sciatic nerve) spinal nerves.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Gilts1. Introduction
Pseudounipolar afferent neurons localized in dorsal root ganglia
(DRGs) have two branches extending from the common trunk: a pe-
ripheral process innervating the somatic or visceral target and the cen-
tral branch conveying information to the spinal cord or brainstem
(Gilbert, 2000; Rowe and Iwamura, 2001). In humans, as well as in
other species that have been studied so far (rat, mouse and cat), skin-
projecting neurons supplying the lower leg/hind paw were distributed
in a distinct set of DRGs. For example, in humans such neurons were
found in L1–S3 DRGs, in rodents they were found within the L4–L6
DRGs while in the cat they were localized within the L6–L7 and S1
DRGs (Barabas and Stucky, 2013; Mclachlan and Jänig, 1983; Minett et
al., 2014; Royden et al., 2013; Takahashi et al., 2003).
From a physiological point of view, skin-projecting DRGs neurons
may be divided into fourmain subtypes: (i) nociceptors, sensing painfulhysiology, Faculty of Medical
arszawska 30, 10-082 Olsztyn,
owska).
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016/j.npep.2016.10.004(nociceptive) stimuli, (ii) pruriceptors, conveying itch sensations, (iii)
thermoceptors, registering temperature information and (iv) a huge,
quite heterogeneous group of low-threshold mechanoreceptors
(LTMRs), encoding touch – i.e., awide variety of non-painfulmechanical
stimuli (McGlone and Reilly, 2010). However, each of these physiologi-
cally-deﬁned neuronal subsets could be further separated into different
functional subtypes on the basis of various histological as well as phys-
iological parameters such as their soma size, axon diameter, degree of
myelination as well as conduction velocity (for a review see Abraira
and Ginty, 2013). For example, pig DRG cells were divided into small
(b30 µm) to medium-sized (b50 μm) and large perikarya (N50 μm;
Bossowska et al., 2009) according to the diameter of their soma, while
their axons were classiﬁed as A and C ﬁbers (Harper and Lawson,
1985). However, it should be stressed that each of the populations of
neuronal processes should, in fact, be considered as a set of terminals
emerging from functionally distinct heterogeneous groups of DRG neu-
rons. For example, the population of “Aβ ﬁbers” (an anatomical sub-
strate for LTMRs) could be further divided into at least four functional
subtypes, distinguished primarily by their ability to adapt to sustained
mechanical stimulation (rapidly-adapting vs. slowly-adapting – RA vs.
SA, respectively). These four functional subtypes would be: (i) Merkelthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ding of sensory neurons innervating the skin of the porcine hindlimb,
2 A. Kozłowska et al. / Neuropeptides xxx (2016) xxx–xxxcells-innervating Aβ SA1-LTMRs, responsible for the recognition of the
static nature of the touch stimuli, (ii) Rufﬁni's corpuscles-related Aβ
SA2-LTMRs, sensing the stretching of skin, (iii) Meissner's corpuscles-
supplying Aβ RA1-LTMR ﬁbers, sensitive to movements across the
skin and (iv) Aβ RA2-LTMRs, terminating in Pacinian corpuscles and
sensing high-frequency vibrations (Zimmerman et al., 2014). However,
these subtypes do not convey nociceptive stimuli (Johnson, 2008). Aδ
terminals locatedwithin the skin aremainly responsible for sensingme-
chanical (especially pinprick or pinching), thermal and chemical stimu-
li; these afferents have also been shown to be involved in hyperalgetic
states in mice (Byers and Bonica, 2001; Yeomans et al., 2004). Small-
sized neurons that form the source of intradermal C ﬁbers constitute
the major population of skin-supplying DRG cells (Smith and Lewin,
2009). Since these neurons respond to thermal, chemical (acute and
chronic itch) as well as nociceptive stimuli, they were therefore termed
polymodal cells (Johnson, 2008). Furthermore, although it is now gen-
erally accepted that virtually all touch sensations are mediated by the
above-described fast conducting Aβ LTMRs, there is a growing body of
evidence that a population of C ﬁbers (termed “C-tactile afferents”)
play a crucial role in conveying the so-called “pleasure touch stimuli”
generated during grooming or nurturing behaviors (McGlone and
Reilly, 2010; Zimmerman et al., 2014). Thus, according to the above-
mentioned data, it is widely accepted that the vast majority of small-
sized (and at least part of the medium-sized) sensory neurons partici-
pate in nociception/pruriception as well as thermal stimuli sensing
(Djouhri et al., 2003; Petruska et al., 2000). Meanwhile, large-sized
perikarya are mainly involved in mechanoreceptive and/or propriocep-
tive information transmission (Le Pichon and Chesler, 2014; Li et al.,
2016).
Immunohistochemical studies have demonstrated that the small-
sized skin-projecting DRG neurons may be roughly divided into two
groups. The ﬁrst group is the “non-peptidergic” population, which
binds Bandeiraea simplicifolia lectin (I-B4) and utilizes glutamate as its
main transmitter (Plenderleith and Snow, 1993). This group is most
likely involved in itch processing (for a review see Ma, 2010). The sec-
ond group is the “peptidergic” population, which exhibits numerous
bioactive molecules that are widely accepted as markers of nociceptive
cells (Ye et al., 2013). These substances include, among others: (i) sub-
stance P (SP), a peptide responsible not only for neurogenic dermatitis,
but also for wound healing (for a review see Blais et al., 2014), (ii) calci-
tonin gene-related peptide (CGRP; Taddese et al., 1995), a peptide that
apart from its involvement in sensory transmission, appears to act as a
very prominent regulatory agent of the immunological and inﬂammato-
ry reactions of the skin, interactingwith the antigen-presenting capabil-
ity of Langerhans cells (Granstein et al., 2015), (iii) somatostatin (SOM;
Molander et al., 1987) which is most likely expressed by a subset of
pruriceptors (Stantcheva et al., 2016) as well as nociceptors (Shi et al.,
2014), (iv) galanin (GAL; Kashiba et al., 1994) responsible not only for
nociceptive (mainly thermal) transmission, but also for the regenerative
abilities of sensory cells, especially the peripheral, skin-projecting ter-
minals of them (Hill et al., 2010), (v) nitric oxide synthase (NOS;
Wang et al., 2013), a marker for NO synthesizing afferent cells, contrib-
uting to mechanical hypersensitivity during the maintenance phase of
neuropathic pain (Kim et al., 2011), (vi) pituitary adenylate cyclase-ac-
tivating polypeptide (PACAP; Moller et al., 1993), involved not only in
pain processing, but also in the neuroprotection of challengedDRG neu-
rons (McIlvain et al., 2006) or (vii) calbindin-D28k (CB; Duc et al.,
1994), a calcium-binding protein being a speciﬁc marker to a distinct
population of capsaicin-resistant skin-projecting neurons (Kashiba
et al., 1990).
It must be stressed that there is still a lack of data concerning both
the distribution pattern aswell as the neurochemical features of porcine
skin-projecting DRGs neurons supplying the hindlimb. Such data could
be of great importance because the pig, as opposed to rodents (rats,
mouse and guinea pig) or carnivores (cat), shows distinct anatomical,
physiological, biochemical and immunological similarities to humansPlease cite this article as: Kozłowska, A., et al., Distribution and chemical co
Neuropeptides (2016), http://dx.doi.org/10.1016/j.npep.2016.10.004(Avon and Wood, 2005). Therefore, the pig should be considered to be
an especially valuable species for studying human skin diseases, such
as dermal melanoma, hypertrophic scarring, bullous pemphigoid and
allergic and contact dermatitis among others (Herron, 2009; Hruban
et al., 2004; Olivry et al., 2000; Vana and Meingassner, 2000; Zhu et
al., 2003). Furthermore, although the organization of the dermal inner-
vation in the pig is still not fully elucidated, porcine skin has also been
used as a model to study mechanism(s) of cutaneous pain, wound and
burn lesion healing as well as radiation and laser exposure (Di
Giminiani et al., 2013; Kim et al., 2013; Levi et al., 2011; Sullivan et al.,
2001). Therefore, the present study was aimed at (i) revealing the
sources of origin of afferent ﬁbers involved in skin innervation of the
porcine hindlimb by the use of retrograde tract-tracing, (ii) deﬁning of
the chemical phenotypes of traced neurons by means of single- and
double-immunoﬂuorescence labeling and (iii) comparing the inter-
and intraganglionic distribution pattern, as well as the neurochemical
features of retrogradely-labeled neurons that have sent their processes
to cutaneous branches of the femoral and sciatic nerves.
2. Materials and methods
2.1. Animals
Four juvenile female crossbred gilts (Pietrain x Duroc), aged 8–
12 weeks and weighing 15–20 kg were used. All animals were housed
and treated in accordance with the Principles of Laboratory Animal
Care (NIH publication no. 86-23, revised 1985). All experimental proce-
dures were approved by the Local Ethics Commission of the University
of Warmia and Mazury in Olsztyn (no. 70/2012). During the entire ex-
periment, all efforts were made to minimize both the number of ani-
mals used as well as their suffering. Seven days before the beginning
of the experiment, the animals were transported from a farm to the
local animal facility where they were individually housed in stalls
under conditions of natural light and room temperature. All animals
were fed with a commercial grain mixture and tap water ad libitum.
24 h before surgery feeding was stopped.
2.2. Anesthesia, surgery and tissue processing
Thirty minutes before the main anesthetic (sodium thiobarbital;
Thiopenthal, Sandoz, Austria; 20 mg/kg b.w., i.v., in a fractionated infu-
sion) was given, the animals were pretreated with atropine sulfate
(Polfa, Poland; 0.04 mg/kg b.w., s.c.) and azaperone (Stressnil, Janssen
Pharmaceutica, Belgium; 2.0mg/kg b.w., i.m). After induction of the sur-
gical anesthesia, the skin of the left hindlimb was gently shaved,
disinfected with a 1% water-alcohol solution of iodine tincture and
then a chessboard-style grid was drawn on it with a dermatologically
neutral, permanentmarker; the sides of the resulting squaresmeasured
approximately 1 cm. By the use of a Hamilton syringe equipped with a
26 gauge needle, 1 μl of 5% aqueous solution of ﬂuorescing retrograde
neuronal tracer Fast Blue (FB; EMS-Chemie GmbH, Groß-Umstadt,
Germany) was injected intradermally into the center of each square.
For example, 50 injections was made in the area innervated by the
cutenous branches of the femoral nerve (50 μl) and for the sciatic
nerve another 50 (50 μl). This procedure allowed for the complete cov-
erage of the skin regions innervated by cutaneous branches of the fem-
oral and sciatic nerves, respectively (Fig. 1a). Four weeks later all
animals were euthanized by an overdose of sodium thiobarbital and,
after the cessation of breathing and heart beat, transcardially perfused
with an initial ﬂush of a preperfusion solution containing 0.9% NaCl
(POCH, Poland), 2.5% polyvinylpyrrolidone (Sigma, Germany), 0.05%
procaine hydrochloride (Polfa, Poland) and 20,000 IU of heparine
(Polfa, Poland; added just before the perfusion started), followed by
4% paraformaldehyde (Merck, Germany) in 0.1 M phosphate buffer
(pH 7.4). Th12–S4 DRGs ipsilateral to the tracer injection sites were col-
lected from all studied animals and then postﬁxed by immersion in theding of sensory neurons innervating the skin of the porcine hindlimb,
Fig. 1. a. A schematic diagram of the intradermal injection of Fast Blue in areas of porcine skin, hindlimb innervated by cutaneous branches of the femoral and sciatic nerves. Dark purple
represents the area of the cutaneous branches of the femoral nerve (lateral femorocutaneousnerve) and light purple represents the cutaneous branches of the sciatic nerve (including tibal
and peroneal nerve; Sobociński, 1973). b. A schematic diagram of dorsal root ganglia (DRG) showing topographical subdomains in which the relative frequency of small-, medium- and
large-sized skin projecting neurons were counted; cr-c– cranio-central, cr-p– cranio-peripheral, ca-c – caudo-central and ca-p – caudo-peripheral subdomains of the DRG. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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(pH=7.4, 4 °C) over three days and then stored in 18%buffered sucrose
solution containing 0.01% sodiumazide (pH=7.4) at 4 °C until freezing
and sectioning.
2.3. Immunoﬂuorescence procedures
Prior to sectioning, each DRGs studied was mounted on a small pad
formed from frozen Tissue-Tek OCT compound (Sakura Finetek, USA) in
a way fully resembling its anatomical orientation, allowing the proper
maintenance of the cranio-caudal, dorso-ventral as well as centro-pe-
ripheral axis of the studied ganglion. Ten-μm-thick serial cryostat
(HM525 Zeiss, Germany) sections were mounted on chrome alum-
gelatin coated glass slides and, in order to determine thepresence of ret-
rogradely traced cells in particular DRGs, sections selected from three
different levels of each ganglion (dorsal, middle and ventral one-third,
respectively), were shortly examined under the epi-ﬂuorescence-
equipped microscope (see below). This allowed for the establishment
of the range of DRGs involved in porcine hind leg skin innervation.
Based upon the results of this procedure, routine single- or double-im-
munoﬂuorescence labeling was applied to each fourth section of L4–L6
and S1–S3 DRGs. It should be stressed that these ganglia were used for
further study owing to the fact that their containedmost of retrogradely
labeled neurons.
All steps of the staining procedureswere performed in a humid cham-
ber protected against UV light (in order to prevent the photobleaching of
FB-labeled neurons). In brief, frozen sections were always air-dried at
room temperature (RT) for 45min, rinsed three times in phosphate-buff-
ered saline (PBS, pH 7.4), and then incubated for 1 h with a blockingPlease cite this article as: Kozłowska, A., et al., Distribution and chemical co
Neuropeptides (2016), http://dx.doi.org/10.1016/j.npep.2016.10.004solution containing 1% Triton X-100, 0.1% bovine serum albumin, 0.05%
thimerosal (all fromSigma-Aldrich, St. Louis,MO), 0.01%NaN3 (POCH, Po-
land) and 10% normal goat serum (Jackson Immunoresearch, USA) in
0.01 M PBS (pH 7.4). This solution was then used as a diluent of primary
as well as secondary reagents listed in Table 1.
For the single-labeling immunoﬂuorescence, sections were rinsed
again in PBS and incubated overnight (RT) with a solution of primary
antibody and then, after repetitive rinse in PBS, the reaction was visual-
ized by incubation (RT; 1 h) with an appropriate secondary antiserum
conjugated to either ﬂuorescein isothiocyanate (FITC), Alexa or biotin.
In the latter case, the reaction was visualized by a subsequent incuba-
tionwith CY3-conjugated streptavidin (RT; 1 h). For the double-labeling
immunoﬂuorescence, a mixture of two primary antibodies raised in
different host-species were used. After the incubation with primary an-
tibodies, sections were rinsed in PBS (3 × 15min) and incubated for 1 h
with a mixture of appropriate FITC- or Alexa-conjugated secondary an-
tiserum and biotinylated donkey anti-rabbit antibody. The latter anti-
body was ﬁnally visualized by additional incubation of sections with
streptavidin-CY3 complex for 1 h. Following subsequent rinsing in PBS
(3 × 15min), sections were coverslippedwith carbonate-buffered glyc-
erol (pH 8.6).
An additional set of labelings was done in order to disclose both the
presence as well as relative frequency of afferent skin-projecting neu-
rons that were immunonegative to all of the antisera in the study. To
reach this goal, a mixture of all primary antibodies used in this experi-
ment (with an emphasis on the preservation of their respectiveworking
dilutions)was applied to the sections for a routine overnight incubation,
and, after a thoroughwash in PBS, visualized using the appropriatemix-
ture of secondary antibodies labeled with CY3.ding of sensory neurons innervating the skin of the porcine hindlimb,
Table 1
Immunoreagents used.
Primary antisera
Antigen
Antibody
code Host species Dilution Supplier
SP 8450-0505 Rat 1:400 AbDSerotec
SP 8450-0004 Rabbit 1:3000 AbDSerotec
CGRP AB43873 Rabbit 1:18,000 Abcam
GAL T-5036 Guinea pig 1:6000 Bachem
GAL AB5909 Rabbit 1:16,400 Merck
Millipore
nNOS N2280 Mouse 1:600 Sigma
Aldrich
nNOS AB5380 Rabbit 1:13,000 Merck
Millipore
PACAP H-052-02 Rabbit 1:11,000 Phoenix
SOM MAB354 Rat 1:300 Merck
Millipore
CB AB1778 Rabbit 1:11,000 Merck
Millipore
NeuN MAB377 Mouse 1:1000 Merck
Millipore
Secondary reagents
Reagent Conjugated
to
Antibody
code
Dilution Supplier
Donkey anti-guinea pig
IgG (H + L)
FITC 706-095-148 1:1000 Jackson
Donkey anti-mouse IgG
(H + L)
FITC 715-095-151 1:1000 Jackson
Donkey anti-rat IgG (H + L) FITC 712-095153 1:1000 Jackson
Goat anti-Mouse IgG (H + L)
Secondary Antibody, Alexa
Fluor® 488 conjugate
Alexa A-11001 1:1000 Thermo
Fisher
Scientiﬁc
Biotinylated goat anti-rabbit
immunoglobulins
biotin E0432 1:1500 Dako
Streptavidin CY3 016-160-084 1:10,000 Jackson
Abbreviations: SP - substance P, CGRP - calcitonin gene related peptide, GAL - galanin,
nNOS - neuronal nitric oxide synthase, PACAP - pituitary adenylate cyclase-activating
polypeptide, SOM – somatostatin, CB - calbindin-D28k, NeuN - neuronal nuclei and
FITC - ﬂuorescein isothiocyanate.
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Traces of FB were neither found inmuscles, nor in the subcutaneous
tissues in the vicinity of the tracer deposition locations. The speciﬁcity of
primary and secondary antisera was tested by: (i) preabsorption tests
based on the incubation of sections with antibody that had been
preabsorbed with synthetic antigen (25 μg of appropriate antigen per
1 ml of corresponding antibody at working dilution) and (ii) omission
and replacement tests during which the primary or secondary antibody
was omitted or replaced by non-immune sera or PBS, respectively. Lack
of any visible ﬂuorescence indicated speciﬁcity of the labeling.2.5. Counting of neurons and statistical analysis
Labeled sections were viewed under an Olympus BX61 microscope
equipped with epi-ﬂuorescence and appropriate, small-band ﬁlter sets
for FB (V1 module; excitation ﬁlter 330–385 nm, barrier ﬁlter
420 nm), FITC (B1 module; excitation ﬁlter 450–480 nm, barrier ﬁlter
515 nm) and CY3 (G1module; excitation ﬁlter 510–550 nm, barrier ﬁl-
ter 590 nm). Microphotographs were acquired using a 20× UPlanSApo
objective (0.75 NA) and a PC equipped with a CCD camera operated by
cellSens Dimension image analyzing software (Olympus, Poland). All
photomicrographs presented in this work have been published “as is”
without any alterations being done to the image quality (contrast,
brightness) using image editing programs. In order to avoid double-
counting of labeled neurons, only FB-positive (FB+) perikarya with a
clearly visible nucleuswere counted in each fourth section of the partic-
ular DRG studied. The perikarya were divided into three subclasses:Please cite this article as: Kozłowska, A., et al., Distribution and chemical co
Neuropeptides (2016), http://dx.doi.org/10.1016/j.npep.2016.10.004small (up to 30 μm); medium (31–50 μm) and large (N 50 μm) accord-
ing to Bossowska et al. (2009). Their mean size was measured using
cellSens Dimension image analyzing software.
To verify the intraganglionic distribution of FB+ neurons, each of
the DRGs sections of interest was divided along its long and short axis
into four subdomains: cranio-central, cranio-peripheral, caudo-central
and caudo-peripheral (Fig. 1b), and each of the counted FB+ cells was
additionally assigned to one of the above-mentioned subdomains.
Small-, medium- and large-sized FB+ neurons were counted within
each subdomain of each individual lumbar and sacral DRGs studied.
These counts were expressed as the percentage (relative frequencies)
of small-, medium- and large-sized FB+ neurons in each of the studied
ganglia and/or subdomains, always considering the total number of
FB+ neurons as being 100% within the studied DRG or subdomain.
A similar paradigm was used to evaluate the inter- as well as
intraganglionic distribution patterns of the single- and double-
immunolabeled FB+ neurons. However, the relative frequencies of neu-
rons exhibiting a particular antigen (or combination of antigens) were
calculated from the pooled values of each class size of FB-labeled neu-
rons in all lumbar (L4–L6) or sacral (S1–S3) DRGs, respectively. Finally,
raw counts from each animal were pooled and presented as a
mean ± standard error of mean (SEM) values.
The statistical importance of differences found between groups of
data were analyzed using one-way analysis of variance (ANOVA)
followed by the Tukey test using GraphPad Prism 4 software (GraphPad
Software, La Jolla, CA, USA). Data on the number of skin-projecting
perikarya in the total population of lumbar and sacral DRGs were
analyzed using the Mann-Whitney U test. P b 0.05 was considered to
be statistically signiﬁcant.
3. Results
3.1. The distribution pattern of sensory skin-projecting neurons within the
porcine dorsal root ganglia (DRGs)
As revealed by the retrograde tract-tracing procedure, the porcine
neurons supplying skin of the hindlimb were distributed in dorsal root
ganglia (DRGs) from the lumbar (L; L4-L6) to the sacral (S; S1-S3) spinal
nerves. It is worth noticing that these Fast Blue-positive (FB+) neurons
were much more numerous within the sacral DRGs than their counter-
parts in lumbar DRGs (Table 2). For example, the mean number of FB+
neurons from L4 to S3 DRGs was 1324 ± 61 and 63.2 ± 0.4% of these
neuronswere located in the sacral DRGs. Especially dense accumulation
of the FB+ neurons was found in S2 where they constituted 37.5± 0.9%
of the total population of DRGs cells. It should be added that a few FB+
neuronswere also found in other DRGs:mainly in L2, L3 and S4 – unpub-
lished data.
Three subpopulations of DRG neurons have been observed: small-
(the mean diameter 19.7 ± 0.9 μm), medium- (the mean diameter
42.4 ± 0.5 μm) and large- (the mean diameter 65.0 ± 1.4 μm) sized.
The proportions among those subpopulations varied considerably de-
pending upon the location of the DRGs according to the vertebral level
as well as the distribution of these neurons inside the ganglia.
The rostro-caudal distribution of small-, medium- and large-sized
FB+ neuronswas very similar within the lumbar and sacral DRGs. Actu-
ally, the pattern of distribution in L4-L6 DRGs was subsequently repeat-
ed in S1-S3 DRGs (Fig. 2). For example, in L4 and S1 DRGs the small
perikarya constituted the most numerous populations of FB+ neurons
while the medium- and large-sized neurons were much less numerous
(L4 - 63.7 ± 1.7%, 33.4 ± 1.9%, 2.8 ± 0.4% and S1-63.1 ± 2.5%, 32.1 ±
2.3%, 4.7 ± 0.3%; respectively). In L5 DRG the percentages of the small-
sized neurons were signiﬁcantly higher compared to medium- and
large-sized cells (L5 - 51.6±2.2%, 43.1±1.5%, 5.2±0.4%; respectively).
Meanwhile, in S2 DRG the percentages of small- andmedium-sized neu-
rons were similar, but signiﬁcantly higher than the percentages of the
large neurons (S2 - 48.3 ± 1.1%, 45.2 ± 0.9%, 6.4 ± 0.1%; respectively).ding of sensory neurons innervating the skin of the porcine hindlimb,
Table 2
The percentages contribution of skin-projecting perikarya in the total population of lum-
bar (L; L4–L6) and sacral (S; S1–S3) dorsal root ganglia (DRGs). Data are presented as the
mean (range) of 4 animals.
Marker
DRG
L4–L6 S1–S3
FB+NeuN+/FB-NeuN+ 3.8 ± 0.1 (96/2598) 5.4 ± 0.4 (120/2498)⁎
The absolute number of cells containing markers is in brackets.
Abbreviations: FB - Fast Blue; NeuN - neuronal nuclei.
⁎ Indicates differences (P b 0.008) between the lumbar and sacral DRGs.
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the highest when compared to the percentage value of small- as well
as large-sized neurons (L6 - 50.9 ± 0.8%, 32.9 ± 1.8%, 16.0 ± 1.4% and
S3 - 50.2 ± 2.5%, 33.8 ± 0.8%, 15.9 ± 0.9%; respectively). It is worth
mentioning that in L6 and S3 DRGs the percentages of the large-sized
cells were also signiﬁcantly lower than medium ones.
When the distributions of the small-, medium- and large-sized FB+
neurons were compared within 4 subdomains of lumbar and sacral
DRGs, the results were as follows (Figs. 3a-c).
The distribution patterns of the small-sized neurons were similar in
lumbar and sacral DRGs and percentages of these cells within the
subdomains of ganglia did not differ statistically (Fig. 3a). Furthermore,
those cells were always the most numerous in the cranio-peripheral
(cr-p; L4–L6 - 39.5 ± 1.0%; S1–S3 - 37.5 ± 2.3%) and caudo-peripheral
(cd-p; L4–L6 - 32.7 ± 1.0%; S1–S3 - 35.3 ± 1.2%) subdomains. On the
other hand, the lowest percentages were noted in the cranio-central
(cr-c; L4–L6 - 13.1 ± 0.8%; S1–S3 - 13.6 ± 0.5%) and caudo-central (cd-
c; L4–L6 - 14.5 ± 0.4%; S1–S3 - 13.5 ± 2.2%) subdomains.
The percentage of themedium-sized neurons (Fig. 3b)was higher in
the cd-c subdomains of S1–S3 DRGs (33.9 ± 1.7%) as compared to L4–L6
DRGs (15.5 ± 0.6%). Meanwhile, the percentage of cells in the cr-p
subdomain was higher in the L4–L6 DRGs (31.6 ± 2.5%) compared to
the S1–S3 DRGs (19.3 ± 3.2%). The comparison of cr-c (L4–L6 - 23.3 ±
2.5% vs S1–S3 - 19.6 ± 3.4%) and cd-p (L4–L6 - 29.4 ± 1.1% vs S1–S3 -
27.1 ± 6.1%) subdomains of L4–L6 and S1–S3 DRGs has shown that the
percentages do not differ signiﬁcantly.
The large neurons have not shown a single pattern of distribution
within the lumbar and sacral DRGs and the percentages were signiﬁ-
cantly different in each studied segment (Fig. 3c). For example, in the
lumbar DRGs, these cells were signiﬁcantly more numerous in cr-c
(L4–L6 33.5 ± 2.6% vs S1–S3 15.3 ± 0.3%) and cd-p subdomains (L4–L60
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Fig. 2. A bar diagram showing the segmental distribution of skin-projecting sensory
neurons following injection of Fast Blue (FB) into the skin. Bars represent mean
percentages of the neurons located in the left ganglia. ***– indicates differences
(P b 0.001) between small- and medium- as well as large-sized perikarya; a – indicates
differences (P b 0.001) between the medium- and large-sized perikarya. Error bars
represent ±SEM; n= 4.
0
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Fig. 3. A bar diagram showing the distribution of skin-projecting sensory neurons in
particular subdomains of the DRG following injection of Fast Blue (FB) into the skin of
the pig. Bars represent mean percentages of the neurons located in the lumbar (L; L4–
L6) and sacral (S; S1–S3) DRGs. *P b 0.05; ***P b 0.001 - indicates differences between the
lumbar and sacral DRGs; a - indicates differences (P b 0.01; P b 0.001) between the
cranio-peripheral (cr-p) and cranio-central (cr-c) or caudo-peripheral (cd-p) and
caudo-central (cd-c) subdomains of the lumbar and sacral DRGs. Error bars represent
±SEM; n= 4.
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Meanwhile, sacral DRG cells were signiﬁcantly more numerous in cr-p
(S1-S3 30.8 ± 1.2% vs L4–L6 13.3 ± 1.1%) and cd-c (S1–S3 40.3 ± 3.8%
vs L4–L6 15.5 ± 1.1%) subdomains when compared to lumbar DRGs.
3.2. Immunohistochemistry of porcine dorsal root ganglia (DRG)
All details concerning neurochemical phenotypes of FB+ sensory
skin-projecting neurons within the porcine DRGs were demonstrated
in Tables 3 and 4. The morphology and characteristic features of single-
and double-immunolabeled structures were visualized in Figs. 4-7.ding of sensory neurons innervating the skin of the porcine hindlimb,
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Single labeling immunohistochemistry revealed that the majority of
small-, medium- and large-sized FB+ displayed immunoreactivity to
substance P (SP), calcitonin gene-related peptide (CGRP) and pituitary
adenylate cyclase activating polypeptide (PACAP). However, the per-
centages of small-, medium- and large-sized cells expressing these sub-
stances were signiﬁcantly different (Table 3). Small-sized FB+ neurons
(Figs. 4a, c, d, 6a and e)were especially rich in SP (Figs. 4a′, c′, d′, 6a′ and
e′), CGRP (Figs. 4a″ and 6a″) and PACAP (Fig. 4d″). N80% of these cells
expressed SP and N90% of them expressed CGRP. The percentage of
PACAP containing cells was around 70% (Figs. 5c″ and 6e″- devoid of
PACAP).Medium-sized FB+neurons (Figs. 4e and 6b)were signiﬁcantly
less often immunoreactive to SP (Figs. 4e′ and 6b′), CGRP (Fig. 6b″) and
PACAP (Fig. 4e″), than small-sized cells. For example, only around 40%
of these neurons expressed SP and around 60% of them expressed
CGRP. The percentage of PACAP containing medium-sized cells was
around 55%. Large FB+ neurons (Figs. 4b and 6d) were the least immu-
noreactive to SP (devoid of SP: Figs. 4b′ and 6d′), CGRP (devoid of CGRP:
Fig. 4b″) and PACAP, when compared to the small- and medium-sized
cells. b20% of neurons expressed SP and only around 35% of them
expressed CGRP or PACAP.
It is interesting to note that there were signiﬁcant differences be-
tween the L4–L6 and S1–S3 DRGs as far as the percentages of galanin
(GAL), somatostatin (SOM), neuronal nitric oxide synthase (nNOS), or
calbindin (CB) expressing FB+ cells were concerned. For example,
GAL (Figs. 4c″, 5a″, c′, e′, 6c″, 7a″, c′ and e′ - devoid of GAL) was found
in N21% of small FB+ neurons (Figs. 4c, 5a, c, e, 6c, 7a, c and e), in 13%
of medium-sized cells and only single large-sized neurons (Fig. 6d)
were immunoreactive to GAL (Fig. 6d″ – devoid of GAL).
In the case of SOM and CB, the differences between the percentages
of small- (FB+/SOM+: Figs. 5a/a′, b/b′, 7a/a′ and b/b′; FB+/CB+: Figs. 5b/
b″ and 7b/b″), and medium-sized FB+ neurons has shown a similarTable 3
The percentages of different populations among FB-labeled skin-projecting small-; medium- a
ganglia (DRGs). Data are presented as the mean (range) of 4 animals.
Studied substances among
FB-labeled neurons
Small perikarya Medium
L S L
SP+/FB+ 92.5 ± 1.5 79.4 ± 4.8 37.2 ± 4.6a,(Pb0.001
SP−/FB+ 7.5 ± 0.9 20.6 ± 6.3 62.8 ± 5.6a,(Pb0.001
TS+/FB+ (94) 190/202 (81) 89/110 (39) 31/79
CGRP+/FB+ 93.7 ± 2.6 90.1 ± 2.4 72.7 ± 4.7a,(Pb0.05)
CGRP−/FB+ 6.3 ± 4.0 9.9 ± 2.9 27.3 ± 7.7
TS+/FB+ (96) 199/208 (93) 102/110 (76) 72/95
PACAP+/FB+ 72.8 ± 5.8 67.9 ± 6.0 53.5 ± 7.8
PACAP−/FB+ 27.2 ± 7.8 32.1 ± 8.9 46.5 ± 11.3
TS+/FB+ (76) 112/147 (71) 80/112 (56) 78/139
GAL+/FB+ 21.1 ± 1.3 26.2 ± 0.6 13.1 ± 0.9a,(Pb0.001
GAL−/FB+ 78.9 ± 6.9 73.8 ± 4.6 86.9 ± 2.6
TS+/FB+ (23) 39/167 (29) 28/97 (14) 27/189
SOM+/FB+ 33.2 ± 1.3 13.3 ± 1.1⁎,(Pb0.001) 17.8 ± 13.8
SOM−/FB+ 66.8 ± 7.2 86.7 ± 6.7 82.2 ± 2.9
TS+/FB+ (35) 55/156 (20) 32/159 (19) 22/113
nNOS+/FB+ 37.9 ± 2.3 44.4 ± 7.6 0.9 ± 0.5a,(Pb0.01)
nNOS−/FB+ 62.1 ± 9.8 55.6 ± 12.9 99.1 ± 0.8a,(Pb0.05)
TS+/FB+ (40) 45/113 (48) 52/107 (4) 4/104
CB+/FB+ 15.6 ± 0.9 4.6 ± 0.5⁎,(Pb0.001) 3.7 ± 1.2a,(Pb0.001)
CB−/FB+ 84.4 ± 3.9 95.4 ± 2.1 96.3 ± 1.8
TS+/FB+ (18) 17/96 (9) 8/88 (5) 6/122
VR - was very rarely observed.
TS+/FB+− the absolute number of cells containing tested substances (TS+; percent in bracke
The total number of cells counted was 3541.
Abbreviations: SP - substance P, CGRP - calcitonin gene relatedpeptide,GAL – galanin, SOM – som
and nNOS – neuronal nitric oxide synthase.
⁎ Indicates differences (P b 0.05; P b 0.001) between the lumbar and sacral DRGs for the sam
a Indicates differences (P b 0.05; P b 0.01; P b 0.001) between the small- and medium-sized
b Indicates differences (P b 0.05; P b 0.01; P b 0.001) between the small- and large-sized pe
c Indicates differences (P b 0.05) between the medium- and large-sized perikarya within th
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SOM and CB.
About 40% of small- (Figs. 5e/e″, 7d/d′ and e/e″) and medium-sized
FB+ neurons (Figs. 5d/d′ and 7d/d′ excluding the medium-sized cells
from lumbar DRGs) contained nNOS, whereas the large-sized FB+ neu-
ronswere devoid of thismarker. It is worth noticing that therewere sig-
niﬁcant differences between the lumbar and sacral DRGs in the
percentages of SOM and CB (small-sized neurons) and nNOS (medi-
um-sized neurons) expressing FB+ cells.
3.4. Double labeling immunohistochemistry
Double labeling immunohistochemistry gave additional insight into
the neurochemical phenotypes of small-, medium- and large-sized FB+
neurons (Table 4).
Almost all small-sized FB+ neurons (Figs. 4a, c, d, 6a and c) express-
ing SP (Figs. 4a′, d′, 6a′ and c′)were simultaneously CGRP- (Figs. 4a″ and
6a″) or PACAP-positive (Fig. 4d″) and N20% of them co-expressed GAL
(Figs. 4c″ and 6c″). Among the medium-sized FB+/SP+ neurons
(Figs. 6b/b′), the level of co-localization with CGRP (Fig. 6b″) and GAL
was similar to that found in small-sized neurons. Also, the percentages
of FB+/SP+/PACAP+medium-sized neurons (Figs. 4e/4e′/4e″) were sig-
niﬁcantly lower when contrasted to small-sized neurons (Figs. 4d/4d′/
4d″) while those containing GAL were more numerous in sacral DRGs
than in lumbar DRGs. Large-sized FB+/SP+ neurons co-expressed
CGRP mainly in sacral DRGs. They were sporadically immunoreactive
to GAL and completely devoid of PACAP. The percentages of small-
sized FB+/SP+ neurons co-expressing CGRP, PACAP or GALwere similar
in lumbar and sacral DRGs. On the other hand, the percentages of medi-
um-sized cells with the same phenotypes were statistically different in
those DRGs.
Small- (Figs. 5a, b, 7a and b) and medium-sized FB+ neurons con-
taining SOM (Figs. 5a′, b′, 7a′ and b′) also co-expressed GAL (Figs. 5a″nd large-sized perikarya located in the lumbar (L; L4–L6) and sacral (S; S1–S3) dorsal root
perikarya Large perikarya
DRG
S L S
) 43.5 ± 6.0a,(Pb0.01) 9.0 ± 3.3b,(Pb0.001); c,(Pb0.05) 23.8 ± 9.9b,(Pb0.001)
) 56.5 ± 9.6a,(Pb0.05) 91.0 ± 4.8b,(Pb0.001) 76.2 ± 10.1b,(Pb0.01)
(46) 44/95 (11) 3/28 (31) 6/19
59.6 ± 5.5a,(Pb0.001) 43.7 ± 7.8b,(Pb0.01) 31.8 ± 13.6b,(Pb0.001)
40.4 ± 8.5a,(Pb0.01) 56.3 ± 11.4b,(Pb0.05) 68.2 ± 18.1b,(Pb0.01)
(62) 54/87 (45) 5/11 (33) 6/18
57.1 ± 4.7 37.1 ± 18.8 30.2 ± 12.7
42.9 ± 6.8 62.9 ± 5.7 69.8 ± 13.3
(60) 63/105 (48) 12/25 (45) 10/22
) 13.2 ± 0.9a,(Pb0.001) VR VR
86.8 ± 2.7 0 0
(15) 20/131 VR VR
6.6 ± 1.0a,(Pb0.01) 4.7 ± 2.8 VR
93.4 ± 2.3 95.3 ± 4.7 VR
(8) 10/128 (5) 1/18 VR
44.4 ± 7.6⁎,(Pb0.001) 0 0
55.6 ± 2.3⁎,(Pb0.05) 0 0
(47) 45/95 0 0
3.6 ± 2.1 6.1 ± 3.5 0
96.4 ± 3.6 93.9 ± 6.1 0
(6) 7/124 (9) 2/22 0
ts) and FB+ cells (FB+).
atostatin, CB - calbindin-D28k, PACAP - pituitary adenylate cyclase-activating polypeptide
e population of small- or medium-sized perikarya.
perikarya within lumbar and sacral DRGs.
rikarya within lumbar and sacral DRGs.
e lumbar and sacral DRGs.
ding of sensory neurons innervating the skin of the porcine hindlimb,
Table 4
Percentage of Fast Blue (FB) retrogradely labeled skin-projecting small-;medium- and large-sized perikarya located in the lumbar (L; L4–L6) and sacral (S; S1–S3) ganglia of the dorsal root
ganglia (DRGs) coexpressing the studied substances in different combinations. Data are presented as the mean (range) of 4 animals.
Studied substances among
FB-labeled neurons
Small perikarya Medium perikarya Large perikarya
DRG
L S L S L S
SP+/CGRP+ 97.3 ± 1.3 99.3 ± 0.6 97.0 ± 1.8 80.9 ± 2.7⁎,(P b 0.05); a,(P b 0.01) VR 52.3 ± 3.9b,(P b 0.001); c,(P b 0.001)
SP+/CGRP− 1.0 ± 0.3 0.3 ± 0.1⁎,(P b 0.05) 1.2 ± 0.9 5.1 ± 0.8a,(Pb0.01) VR 6.6 ± 2.6
SP−/CGRP+ 1.1 ± 0.2 0.4 ± 0.1 1.3 ± 0.5 1.5 ± 0.7 VR 16.7 ± 9.2b,(Pb0.01); c,(Pb0.01)
SP−/CGRP− 0.6 ± 0.1 0 0.5 ± 0.2 12.5 ± 1.3⁎,(P b 0.01) VR 24.4 ± 2.1c,(P b 0.05)
TS+/FB+ (99) 106/107 (100) 145/145 (99) 159/161 (89) 88/98 VR (79) 23/29
SP+/GAL+ 21.5 ± 2.2 26.9 ± 2.7 6.6 ± 0.2a,(P b 0.05) 34.2 ± 1.7⁎,(P b 0.001) VR VR
SP+/GAL− 62.9 ± 3.7 58.8 ± 2.3 37.0 ± 5.7a,(P b 0.01) 21.8 ± 5.6a,(P b 0.001) VR VR
SP−/GAL+ 2.8 ± 1.4 0 2.4 ± 2.0 4.6 ± 0.8*,(P b 0.05) VR VR
SP−/GAL− 12.8 ± 5.2 14.3 ± 4.9 54.0 ± 5.7a,(P b 0.001) 39.4 ± 5.5a,(P b 0.01) VR VR
TS+/FB+ (89)140/157 (88) 107/122 (48) 84/175 (63) 106/168 VR VR
SP+/PACAP+ 93.4 ± 0.8 91.7 ± 3.5 43.9 ± 1.0a,(P b 0.001) 56.6 ± 0.9⁎,(P b 0.05); a,(P b 0.001) 0 0
SP+/PACAP− 2.2 ± 0.4 1.5 ± 0.2 31.4 ± 3.5a,(P b 0.001) 15.7 ± 3.5⁎,(P b 0.01);a,(P b 0.05) VR VR
SP−/PACAP+ 3.2 ± 0.8 2.8 ± 0.4 4.6 ± 0.4 4.5 ± 0.5 VR VR
SP−/PACAP− 1.2 ± 0.6 4.0 ± 0.8 20.1 ± 5.0a,(P b 0.05) 23.2 ± 6.1a,(P b 0.05) VR VR
TS+/FB+ (99) 96/97 (97) 71/73 (83) 73/88 (79) 126/160 VR VR
SOM+/GAL+ 39.8 ± 3.5 47.2 ± 4.3 45.7 ± 4.4 33.1 ± 0.7 VR VR
SOM+/GAL− 14.1 ± 3.5 8.9 ± 4.4 9.9 ± 3.6 8.6 ± 4.9 VR VR
SOM−/GAL+ 9.5 ± 4.9 13.7 ± 4.9⁎,(P b 0.01) 3.7 ± 1.1a,(P b 0.05) 0.8 ± 0.8a,(P b 0.05) VR VR
SOM−/GAL− 36.6 ± 6.5 30.2 ± 4.9 40.7 ± 8.8 57.5 ± 2.0a,(P b 0.05) VR VR
TS+/FB+ (66) 67/101 (72) 69/96 (63) 79/125 (47) 50/106 VR VR
SOM+/CB+ 25.1 ± 2.5 26.5 ± 3.1 33.8 ± 1.5a,(Pb0.01) 32.8 ± 2.9a,(P b 0.05) 0 VR
SOM+/CB− 20.4 ± 3.7 13.1 ± 7.3 8.3 ± 3.6 5.5 ± 3.1 VR VR
SOM−/CB+ 5.3 ± 2.4 3.0 ± 3.0 0 1.7 ± 1.7 VR VR
SOM−/CB− 49.2 ± 6.8 57.4 ± 7.4 57.9 ± 2.2 60.0 ± 2.1 VR VR
TS+/FB+ (46) 43/93 (55) 67/122 (46) 70/152 (41) 64/157 VR VR
PACAP+/GAL+ 74.8 ± 3.2 69.3 ± 2.2 3.0 ± 1.7a,(P b 0.01) 15.0 ± 1.4⁎,(P b 0.05); a,(P b 0.01) 0 VR
PACAP+/GAL− 12.9 ± 5.1 17.5 ± 6.6 58.7 ± 4.8a,(P b 0.01) 53.5 ± 8.3a,(P b 0.01) VR VR
PACAP−/GAL+ 8.2 ± 3.0 8.5 ± 2.5 0 1.2 ± 0.8 VR VR
PACAP−/GAL− 4.1 ± 1.5 4.7 ± 2.1 38.3 ± 4.0a,(P b 0.01) 30.3 ± 6.2a,(P b 0.05) VR VR
TS+/FB+ (99) 74/75 (99) 85/86 (64) 70/109 (72) 61/84 VR VR
PACAP+/nNOS+ 48.9 ± 1.4 62.6 ± 9.5 50.2 ± 3.1 34.7 ± 2.5⁎,(P b 0.01); a,(P b 0.05) 0 0
PACAP+/nNOS− 39.0 ± 0.9 26.2 ± 4.6 32.6 ± 6.8 33.7 ± 6.0 VR VR
PACAP−/nNOS+ 5.9 ± 3.0 2.5 ± 1.3 3.1 ± 2.1 6.9 ± 3.3 0 0
PACAP−/nNOS− 6.2 ± 1.3 8.7 ± 3.4 14.1 ± 3.4a,(Pb0.05) 24.7 ± 4.2a,(Pb0.05) VR VR
TS+/FB+ (96) 126/131 (93) 100/107 (78) 117/149 (80) 133/165 VR VR
nNOS+/GAL+ 8.2 ± 0.20 0 0 28.3 ± 1.8 VR 0
nNOS+/GAL− 36.4 ± 4.2 29.6 ± 3.9 0.8 ± 0.8a,(P b 0.01) 1.6 ± 0.8a,(P b 0.05) 0 0
nNOS−/GAL+ 25.0 ± 6.4 28.5 ± 4.8 31.5 ± 6.1 39.2 ± 5.3 VR VR
nNOS−/GAL− 30.4 ± 4.4 41.9 ± 6.1 67.7 ± 5.9a,(P b 0.01) 30.9 ± 5.1⁎,(P b 0.05) VR VR
TS+/FB+ (72) 65/90 (61) 37/60 (34) 65/189 (72) 62/86 VR VR
VR – was very rarely observed.
TS+/FB+ - the absolute number of cells containing tested substances (TS+; percent in brackets) and FB+ cells (FB+).
The total number of cells counted was 3844.
Abbreviations: SP - substance P, CGRP - calcitonin gene relatedpeptide,GAL – galanin, SOM – somatostatin, CB - calbindin-D28k, PACAP - pituitary adenylate cyclase-activating polypeptide
and nNOS – neuronal nitric oxide synthase.
⁎ Indicates differences (P b 0.05; P b 0.01; P b 0.001) between the lumbar and sacral DRGs for the same populations of small-, medium- or large-sized perikarya.
a Indicates differences (P b 0.05; P b 0.01; P b 0.001) between the small- and medium-sized perikarya within the lumbar or sacral DRGs.
b Indicates differences (P b 0.001) between the small- and large-sized perikarya within the lumbar or sacral DRGs.
c Indicates differences (P b 0.05; P b 0.01; P b 0.001) between the medium- and large-sized perikarya within the lumbar or sacral DRGs.
7A. Kozłowska et al. / Neuropeptides xxx (2016) xxx–xxxand 7a″) or CB (Figs. 5b″ and 7b″) while the large-sized FB+/SOM+
cells were very rarely immunoreactive to those substances (Table
4). The pattern of distribution of small- and medium-sized FB+/
SOM+/GAL+ neurons was nearly the same in lumbar and sacral
DRGs. In the case of FB+/SOM+/CB+ neurons, the percentage of
small–sized perikarya was signiﬁcantly lower than medium-sized
cells.
Small-sized FB+ neurons (Fig. 5c) containing PACAP (Fig. 5c″) co-
expressed GAL (Fig. 5c′) much more often than medium-sized cells. In
sacral DRGs the percentage of medium-sized FB+/PACAP+/GAL+
neurons was signiﬁcantly higher than in lumbar DRGs. The extent of
co-expression of PACAP andNOS in small- andmedium-sized FB+neu-
rons (Figs. 7d/d′/d″) was quite similar (excluding the medium-sized
cells from lumbar DRGs). Small-sized FB+/PACAP+/GAL+ and
FB+/PACAP+/NOS+ neurons were homogenously distributedPlease cite this article as: Kozłowska, A., et al., Distribution and chemical co
Neuropeptides (2016), http://dx.doi.org/10.1016/j.npep.2016.10.004within lumbar and sacral DRGs, in contrast to their medium-sized
counterparts. Large FB+/PACAP+ cells were almost always devoid
of GAL or nNOS.
Among FB+ neurons expressing nNOS there was always a sub-
population of small- (Figs. 5e/e′/e″), medium- and large-sized cells
which were simultaneously immunoreactive to GAL. Interestingly,
such a subpopulations were represented in the lumbar DRGs by
small-sized neurons, while in the sacral DRGs by medium-sized
neurons.
4. Discussion
This is the ﬁrst report that provides a detailed description of
both the distribution pattern, as well as the chemical phenotypes of
porcine skin-projecting afferent neurons supplying the hindlimb.ding of sensory neurons innervating the skin of the porcine hindlimb,
Fig. 4.Micrographs showing immunohistochemical staining of the Fast Blue (FB)-labeled neurons in the DRGs L4–L6. The small-sized arrows show positive immunoreactivity, while large-
sized arrows show thenegative immunoreactivity of the skin-projecting neurons of the examined substances. All of the imageswere taken separately from blue (a, b, c, d, e), green (a′, b′, c′,
d′, e′) and red (a″, b″, c″, d″, e″) ﬂuorescent channels. a. One FB+ small-sized neuronwhichwas simultaneously a′ SP+ and a″ CGRP+. b. Two FB+ small- and large-sized neuronswhich
were negative for b′ SP and b″ CGRP. c. Three small-sized FB+neuronswhichwere simultaneously c′ SP+ and c″GAL+, and one FB+medium-sized neuronwhichwas simultaneously c′
SP+ and c″ GAL−. d. A small group of small-sized FB+ neurons which were simultaneously d′ SP+ and d″ PACAP+. e Three FB+medium-sized neurons which were simultaneously e′
SP+ or SP− and e″ PACAP+. Scale bar = 50 μm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
8 A. Kozłowska et al. / Neuropeptides xxx (2016) xxx–xxx4.1. The inter- and intraganglionic distribution pattern of skin-innervating
afferent neurons
The results of the present study showed that in the pig the skin-
projecting afferent neurons supplying hind leg were distributed in
L4–S3 DRGs, what roughly corresponds with data obtained in human
(L1–S3; Royden et al., 2013), rodents (rat and mouse; L4–L6 DRGs;
Barabas and Stucky, 2013, Minett et al., 2014, Takahasi et al., 2003)
and cat (L6–L7 and S1; McLachlan and Jänig, 1983). However, in rodents
such neurons were exclusively present in lumbar DRGs, while in
human, cat and, especially, in the pig, they were also present in sacral
ganglia, constituting in the latter speciesmore than half (approximately
63%; present study) of all retrogradely-labeled neurons.
We have also observed that in the pig the skin-projecting DRG neu-
rons may be subdivided into the three “size-classes”, with the small
neurons forming the most numerous populations within L4 and S1
DRGs, andmedium cells predominating in L6 and S3 DRGs. The percent-
age of large-sized neurons was always signiﬁcantly lower when com-
pared to small- and medium-sized cells. These results are in part
comparable to the ﬁndings reported by Bossowska et al. (2009) andPlease cite this article as: Kozłowska, A., et al., Distribution and chemical co
Neuropeptides (2016), http://dx.doi.org/10.1016/j.npep.2016.10.004Russo et al. (2013), although, these authors studied the population of
the primary sensory DRG neurons projecting to the urinary bladder in
female and male pigs, respectively.
There are other interesting observations as far as the distribution
pattern of the porcine skin-innervating DRG neurons is concerned. For
example, it appears that in the pig the distribution pattern of small-
and medium-sized neurons within lumbar DRGs is subsequently re-
peated within the sacral DRGs, a phenomenon not described in any
other species studied so far. However, as may be judged from results
of Wessells et al. (1990), such “repetitive” distribution could reﬂect
the origin of a skin-oriented afferent component of the femoral and sci-
atic nerves, a suggestion supported byﬁndings that small- andmedium-
sized neurons were mainly responsible for transmission of nociceptive
and thermal stimuli (for a review see Abraira and Ginty, 2013;
Petruska et al., 2000).Meanwhile, large-sized neuronsmay be predicted
to be mechanoreceptors and/or proprioceptors which transfer stimula-
tion via thickly myelinated afferent Aβ-ﬁbers (Li et al., 2016). This as-
sumption needs to be veriﬁed experimentally, especially since there is
a lack of any data addressing this topic in available literature. Another
interesting feature of the distribution pattern of the porcine skin-ding of sensory neurons innervating the skin of the porcine hindlimb,
Fig. 5.Micrographs showing immunohistochemical staining of the Fast Blue (FB)-labeled neurons in the DRGs L4–L6. The small-sized arrows show positive, while large-sized arrows show
negative immunoreactivity of the skin-projecting neurons in theDRG to examined substances. All of the imageswere taken separately from blue (a, b, c, d, e), green (a′, b′, c′, d′, e′) and red
(a″, b″, c″, d″, e″) ﬂuorescent channels. a. One FB+ small-sized neuron which was simultaneously a′ SOM+ and a″ GAL+. b. One FB+ small-sized neuron immunoreactive for b′ SOM+
and b″ CB+ andmedium-sized neuron devoid of both studied substances (b′ SOM− and b″ CB−). c. One FB+ small-sized neuronwhichwas simultaneously c′GAL+ and c″ PACAP+. d.
One FB+medium-sized neuronwhichwas simultaneously d′NOS+ and d″ PACAP+. e. Two FB+ small-sized neurons: onewas simultaneously e′GAL+ and e″NOS+while the second
was devoid of both studied substances (e′ GAL- and e″ NOS-). Scale bar =50 μm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
9A. Kozłowska et al. / Neuropeptides xxx (2016) xxx–xxxinnervating DRG neurons was their somatotopic arrangement within
subdomains of the studied ganglia, determined by ganglion geometry
(i.e., the arrangement of its longest and shortest axis). It has been
found that small neurons were localized mainly in the cranio- and
caudo-peripheral subdomains of studied DRGs,while, the topographical
arrangement of medium and large neurons was more complicated.
For example, the majority of medium neurons was found in cranio-pe-
ripheral and caudo-central subdomains (lumbar and sacral DRGs, re-
spectively). Large neurons were primarily found in caudo-peripheral
(lumbar DRGs) and caudo-central subdomains (sacral DRGs). As men-
tioned above, a cranio-caudal somatotopic organization of skin-
projecting DRG neurons supplying the rat hindlimb has previously
been postulated (Wessells et al., 1990), with the suggestion that lumbar
DRG neurons located within cranial ganglionic domains projected into
the femoral nerve, while neurons observed in the caudal domains con-
tributed to the sciatic nerve. Although the cranio-caudal arrangement of
skin-projecting porcine afferent cells observed in the present studymay
be indicative for a similar organization of the sensory components ofPlease cite this article as: Kozłowska, A., et al., Distribution and chemical co
Neuropeptides (2016), http://dx.doi.org/10.1016/j.npep.2016.10.004above-mentioned nerve trunks in the pig, this suggestion needs to be
veriﬁed in detail.
4.2. Chemical phenotyping of skin-innervating afferent neurons and its
functional implications
As revealed in the present study, the majority of skin-projecting
neurons supplying porcine hind leg, regardless of their diameter,
expressed either SP, CGRP or PACAP, while the subpopulations of GAL-
, SOM-, CB- or NOS-immunoreactive (-IR) cells were distinctly less nu-
merous. When both the soma diameter and the chemical phenotyping
of these cells were taken into consideration, it has been found that SP-
, CGRP- or PACAP-containing cells predominated within the subset of
small- and medium-sized neurons, while among large neurons such
phenotypes were rare. Similar observations concerning SP- and CGRP-
IR skin-projecting neurons were observed in the rat (Aoki et al., 2005),
mouse (Suzuki et al., 2010) and guinea pig (Gibbins et al., 1985). It
should be pointed out that there is a lack of data concerning PACAP-IRding of sensory neurons innervating the skin of the porcine hindlimb,
Fig. 6.Micrographs showing immunohistochemical staining of the Fast Blue (FB)-labeled neurons in the DRG S1-S3·The small-sized arrows show positive, while large-sized arrows show
negative immunoreactivity of the skin-projecting neurons in theDRG to examined substances. All of the imageswere taken separately from blue (a, b, c, d, e), green (a′, b′, c′, d′, e′) and red
(a″, b″, c″, d″, e″)ﬂuorescent channels. a. Two small-sized FB+neuronswhichwere simultaneously a′ SP+and a″CGRP+. b. Onemedium-sized FB+neuronwhichwas simultaneously b′
SP+ and b″ CGRP+. c. Two FB+ small-sized neurons: onewas simultaneously c′ SP+ and c″GAL+while the secondwas devoid of both studied substances (c′ SP– and c″GAL−). d. One
large-sized FB+neuronwhichwas devoid of d′ SP and d″GAL. e. One small-sized FB+neuronwhichwas e′ SP+ and e″ PACAP−. Scale bar=50 μm. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
10 A. Kozłowska et al. / Neuropeptides xxx (2016) xxx–xxxcells. The available reports focused only on the general presence of such
coded perikarya in dorsal root and trigeminal ganglia of the rat (Moller
et al., 1993). In similarity to rodents, only a small fraction of porcine
small-sized skin-projecting neurons expressed GAL (mouse -
Brumovsky et al., 2006; rat - Kashiba et al., 1992).
Present results showed that an overwhelming majority of small-
sized FB+/SP+ neurons were simultaneously CGRP- and/or PACAP-IR
and that N20% of them co-expressed GAL. The pattern of co-expression
of medium-sized FB+/SP+ cells was similar but only a half of these cells
co-expressed PACAP. In contrast, large-sized FB+/SP+ neurons co-
expressed CGRP and/or GAL sporadically aswell as theywere complete-
ly devoid of PACAP. This picture in the pig correspondswell with results
of previous studies in human (Landry et al., 2003), rat (Louis et al., 1989;
Moller et al., 1993), mouse (Hsieh et al., 2012; Usoskin et al., 2015),
guinea pig (Gibbins et al., 1985) and goat (Shin et al., 2003). It also ap-
pears to be worth noting, that the relative numbers of FB+/SP+/
CGRP+ perikarya projecting either to the urinary bladder trigone
(Russo et al., 2013) or to the hindlimb skin of the pig (present study)
were similar, and that such coded small-sized cells represent the
viscero- or somatosensory nociceptors, respectively. Such an assump-
tion is further substantiated in a study by Djouhri et al. (2003), inPlease cite this article as: Kozłowska, A., et al., Distribution and chemical co
Neuropeptides (2016), http://dx.doi.org/10.1016/j.npep.2016.10.004which the presence of sensory neuron-speciﬁc sodium channel
Nav1.8, a marker of nociceptors, was negatively correlated with the
soma size, thus once again corroborating the small-sized cells as
nociceptors. As may be judged form the available literature, also GAL
and PACAP should be regarded as putative transmitters in at least a frac-
tion of nociceptive neurons (Brumovsky et al., 2006; Hökfelt et al., 1987;
Kashiba et al., 1992; Mabuchi et al., 2004). In addition to being involved
in noci- and mechanoceptive transmission, SP, CGRP, GAL and PACAP,
antidromically released from primary afferent neurons may also con-
tribute to the initiation and exacerbation of neurogenic dermatitis
(Black, 2002; Brain et al., 1992; Helyes et al., 2015; Louis et al., 1989;
Schmidhuber et al., 2008), either by (i) activation of non-neuronal
cells to produce and secrete various proinﬂammatory agents, e.g., inter-
leukin-6 (keratinocytes; Shi et al., 2013) or tumor necrosis factor α
(mastocytes, endothelial cells; Peters et al., 2006; Roosterman et al.,
2006) or by (ii) vasodilatation of cutaneous vessels leading to plasma
transudation and, in turn, edema formation (Brain and Williams,
1985; Cao et al., 1999; Kellogg et al., 2010; Warren et al., 1992).
SOM-positive skin-projecting neurons in the rat have previously been
reported as evenly scattered cells in dorsal root (Perry and Lawson, 1998)
and trigeminal ganglia (Ambalavanar et al., 2003). In the present studyding of sensory neurons innervating the skin of the porcine hindlimb,
Fig. 7.Micrographs showing immunohistochemical staining of the Fast Blue (FB)-labeled neurons in the DRG S1–S3· The small-sized arrows showpositive, while large-sized arrows show
negative immunoreactivity of the skin-projecting neurons in theDRG to examined substances. All of the imageswere taken separately from blue (a, b, c, d, e), green (a′, b′, c′, d′, e′) and red
(a″, b″, c″, d″, e″) ﬂuorescent channels. a. One small-sized FB+ neuron which were simultaneously a′ SOM+ and a″ GAL+. b. One small-sized FB+ neuron which was simultaneously b′
SOM+ and b″ CB+. c. One FB+ small-sized neuron which was simultaneously c′ GAL+ and c″ PACAP−. d. Two small- and medium-sized FB+ neurons which were simultaneously d′
NOS+ and d″ PACAP+. e One small-sized FB+ neuronwhichwas simultaneously e′ GAL− and e″ NOS+. Scale bar= 50 μm. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
11A. Kozłowska et al. / Neuropeptides xxx (2016) xxx–xxxwe have found that the vast majority of SOM-IR neurons in the porcine
DRGs were small- or medium-sized, while only a few of the large-sized
neurons were expressing this peptide (exclusively in lumbar DRGs).
Since a fraction of SOM-containing DRG neurons has been shown to co-
express SP (cat; Hanesch et al., 1995), CGRP (mouse; Salio and Ferrini,
2016) and/or GAL (cat; Garry et al., 1989), it appears that SOM may
also be involved in nociceptive transmission. However, available data
concerning the putative involvement of SOM in nociception appear to
be somewhat contradictory, as this peptide has simultaneously been im-
plicated as possessing both the pro- (Kuraishi et al., 1985; Morton et al.,
1989) and anti-nociceptive properties (Helyes et al., 2000; Taddese et
al., 1995). This discrepancy may be probably elucidated by binding of
the peptide to different subpopulations of receptors within the spinal
cord (Carlton et al., 2001). Furthermore, as SOM-IR afferent cells have
previously been suggested toparticipate in thermal nociceptive transmis-
sion in the cat (Morton et al., 1989), a signiﬁcantly higher number of
SOM-positive perikarya within lumbar DRGs may suggest a leading role
of these ganglia in the conduction of thermal stimuli from the porcine
hind leg. On the other hand, as revealed by a recent study of Stantcheva
et al. (2016), a subset of SOM-positive cells in mice belongs to aPlease cite this article as: Kozłowska, A., et al., Distribution and chemical co
Neuropeptides (2016), http://dx.doi.org/10.1016/j.npep.2016.10.004subpopulation of pruriceptors, thus suggesting that a fraction of porcine
SOM-IR skin-projecting perikarya may also conduct this sensation. How-
ever, both these hypotheses need to be veriﬁed in detail. In addition to
the conveyance of sensory modalities, SOM has also be implicated to
take part in the regulation of both the neurogenic andnon-neurogenic in-
ﬂammatory reactions (Helyes et al., 2001; Szolcsányi et al., 1998) at least
partly by interferingwith the release of SP from peripheral sensory nerve
endings (Lembeck et al., 1982).
The inter- as well as intra-ganglionic distribution of porcine skin-
projecting nNOS-positive neurons corresponds well with available
data (rat; Kim et al., 2011, Thippeswamy and Morris, 2002). It is
worth mentioning, however, that in the pig, the hindlimb skin-
projecting medium-sized nNOS-positive neurons were signiﬁcantly
more numerous in sacral DRGs, which may suggest that these ganglia
may eventually be considered as the anatomical substrate for pain hy-
persensitivity evoked by various pathological conditions affecting the
skin of the leg (Kim et al., 2011).
As revealed by the present study, a large subset of small-sized FB+/
PACAP+ neurons co-expressed GAL and/or nNOS, while medium-sized
FB+/PACAP+ cells often co-expressed nNOS but only a small fractionding of sensory neurons innervating the skin of the porcine hindlimb,
12 A. Kozłowska et al. / Neuropeptides xxx (2016) xxx–xxxof them co-expressed GAL. The large-sized FB+/PACAP+ neurons were
usually devoid of GAL or nNOS. As of now, the co-localization of
PACAP andGAL and/or nNOS has earlier been reported only in parasym-
pathetic neurons of rat sphenopalatine ganglion (Csati et al., 2012). Tak-
ing into consideration the eminent role of PACAP- and/or GAL- or nNOS-
containing afferent perikarya in the regulation of pain processing (Kim
et al., 2011; Mabuchi et al., 2003, 2004; Wang et al., 2013), inﬂamma-
tion-driven mechanisms (Helyes et al., 2015; Hökfelt et al., 1987;
Kellogg et al., 2010; Schmidhuber et al., 2008; Warren et al., 1992)
and/or regulation of the cutaneous blood ﬂow (Kellogg et al.,1998;
Shastry et al., 1998), it appears reasonable to hypothesize, that the dif-
ferences in the allocation pattern of nNOS-expressing sensory neurons
within the lumbar and sacral DRGs may reﬂect a “target-oriented” dis-
tribution pattern of such coded perikarya, with lumbar ganglia being
to a greater extent “responsible” for conveying the somatosensory mo-
dalities,while the sacral ganglia beingmore profoundly involved in con-
trol of viscera functioning. However, this hypothesis needs to be further
veriﬁed in detail.
Similarly, as described previously in the rat (Duc et al., 1994;
Honda, 1995), and also in the present study, only a few small-sized
CB-IR skin-projecting neurons were observed. Interestingly, it has
been found that the subpopulation of CB-IR neurons was signiﬁcant-
ly more numerous in lumbar, than in sacral DRGs; the potential
physiological relevance of this observation remains, however, ob-
scure as of yet. Although it appears possible that these cells may rep-
resent a subset of rapidly-adapting LTMRs, as it has been previously
proposed by Duc et al. (1994), this hypothesis needs to be further
elucidated.
As revealed by the labeling of FB+ cells by a mixture made of all anti-
bodies used in the present study, it has been demonstrated that a sub-
stantial fraction of large-sized neurons, located in sacral DRGs, was
devoid of any studied neuropeptides, while all of them were expressing
neuroﬁlament 200 (NF200; unpublished data). As NF200 immunoreac-
tivity is widely accepted as a marker of large myelinated A-β ﬁber neu-
rons (Ruscheweyh et al., 2007), it appears that this subset of skin-
projecting DRG cells represented light-touchmechanoreceptors (for a re-
view see Abraira and Ginty, 2013); however, the physiological relevance
of their exclusive presence in the sacral DRGs remains obscure as of yet.
In conclusion, the present study for the ﬁrst time provides a detailed
description of differences in both the inter- as well as the intra-gangli-
onic distribution pattern and the chemical characteristics of porcine
skin-projecting DRG neurons, implying their putatively different func-
tions. However, further studies utilizing more suitable neuronal
markers (Le Pichon and Chesler, 2014) or using the transcriptome re-
search-based approach, as it has recently been performed in mice (Li
et al., 2016; Usoskin et al., 2015), have to be carried out in order to elu-
cidate the physiological relevance of each subpopulation of neurons in-
nervating the skin of the porcine hindlimb in detail.
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